Introduction
The underlying causes of primary myelodysplastic syndrome (MDS) are still being defined. A proposal for the multistep pathogenesis of MDS is that after initial damage to the progenitor cell by a toxin or a spontaneous mutation, several additional alterations may affect these cells and provide them with a growth advantage. These alterations can influence the expression of cell-cycle-related genes, including checkpoint and mismatch repair genes, transcription factors, and tumorsuppressor genes. In addition, early MDS was associated with an elevated ratio of apoptosis to proliferation, 1 but the mechanisms for this finding are not yet established.
The defect of the hematopoietic stem cell in MDS is not well characterized. One technical problem is that most of the experiments that use clinical samples from MDS patients were performed with low-density, nonadherent cells from the bone marrow of these patients. This may be adequate for high-risk MDS and acute myeloid leukemia (AML) evolved from MDS because of the more uniform blast population in the bone marrow. In contrast, in low-risk MDS, bone marrow cells are heterogenous. Therefore, molecular abnormalities characteristic of malignant cells are more difficult to find in low-risk MDS than in high-risk MDS or AML. Because CD34 expression is a marker for hematopoietic stem cells, experiments to detect abnormalities have focused on the CD34 ϩ cells from patients with MDS. [2] [3] [4] To expand the understanding of genetic defects of the hematopoietic stem cell in MDS, we performed oligonucleotide microarray analysis on highly purified CD34 ϩ cells from patients with MDS who were clinically well characterized. All MDS samples used for our analyses had the morphologic and immunologic features of MDS. In addition, the defects in proliferation and differentiation of these CD34 ϩ cells were demonstrated on a routine basis in suspension cultures (data not shown). 2 As a control, we investigated the gene expression of CD34 ϩ cells selected from the bone marrow of healthy control subjects. We used 2 different strategies for analysis of changes in gene expression. First, we singled out genes that are highly predictive for the risk classification of the disease. Using genes with a uniform expression pattern among subclasses, we were able to distinguish MDS samples from those of healthy controls and to differentiate low-risk from high-risk MDS patients according to their gene expression profiles. Second, we focused on highly differentially expressed genes in low-risk and high-risk MDS. Microarray results were confirmed by real-time polymerase chain reaction (PCR) for selected genes.
Patients, materials, and methods

Patients
CD34 ϩ bone marrow cells selected from 18 MDS patients (10 men, 8 women) were studied at initial diagnosis (Table 1) 6 ). From one patient, paired samples were available at the time of initial diagnosis and during the progression of the disease. Approval was obtained from the institutional review board of the University of Frankfurt/Main for these studies; informed consent was provided according to the Declaration of Helsinki. CD34 ϩ bone marrow cells from 4 healthy subjects were used as controls.
CD34 ؉ cell selection and nucleic acid preparation
Heparinized bone marrow samples were obtained by aspiration from the posterior iliac crest at the time of initial diagnosis after informed consent. To lessen activation of the cells by any technical manipulation, fresh bone marrow was processed immediately after aspiration to select the CD34 ϩ cells within the next 4 hours. Mononuclear cells were separated by densitygradient centrifugation through Ficoll-Hypaque (Biochrom, Berlin, Germany). After depletion of adherent cells by 1-hour adherence to plastic, CD34 ϩ cells were purified by high-gradient magnetic cell separation (MACS) using superparamagnetic streptavidin-microparticles for labeling CD34 ϩ cells (Miltenyi Biotec, Mönchengladbach, Germany). Positive cells were discharged from the column after removal from the magnetic field. Yield and purity of the positively selected CD34 ϩ cells was evaluated by flow cytometry (FACScan; Becton Dickinson, Heidelberg, Germany).
Total RNA was extracted using TRIzol (Life Technologies, Grand Island, NY) according to the manufacturer's protocol with minor modifications. In addition, RNA was purified by the RNeasy system (Qiagen, Valencia, CA) following the manufacturer's advice.
To ensure that the gene expression we measured by microarray assay was not affected by degradation of the RNA extracted from the purified CD34 ϩ cells, we used denaturing gel electrophoresis to evaluate the quality of the RNA. Furthermore, the expression level of ␤-actin, as determined by GeneChip assay, was required to be greater than 30 000 (raw data) in all of our MDS and control samples.
Oligonucleotide microarray
A detailed protocol for the sample preparation and microarray processing is available from Affymetrix (Santa Clara, CA). Because of the limited number of CD34 ϩ cells and the low content of RNA in these hematopoietic stem cells, a double in vitro transcription technique (nanogram scale assay) was used. To assay 50 ng total RNA, the standard Affymetrix target amplification protocol was modified by using first-round cRNA product to generate double-stranded cDNA that was then used for a second round of in vitro transcription for synthesis of the biotinylated cRNA.
Fifteen micrograms fragmented, biotinylated cRNA was hybridized to an HG-U95Av2 microarray (Affymetrix) for 16 hours at 45°C with constant rotation at 60 rpm, according to the Affymetrix protocol. This high-density oligonucleotide array targets 9670 human genes as selected from the National Center for Biotechnology Information (NCBI) Gene Bank database, with a total of 12 000 oligonucleotide sets. Each microarray was used to assay a single sample. After hybridization, the microarray was washed and stained on an Affymetrix fluidics station and was scanned with an argon-ion confocal laser with 488-nm emission and detection at 570 nm. Fluorescence intensity normalized to the average fluorescence for the entire microarray. 7 Data were imported into a Microsoft Excel 2000 (Microsoft, Redmond, WA) database.
Data analysis
GeneChip image analysis was performed using the Microarray Analysis Suites 4.0.6 and 5.0 (Affymetrix). Data analysis was performed with the GeneSpring software version 4.0 (Silicon Genetics, San Carlos, CA). To eliminate changes within the range of background noise and to select the most differentially expressed genes, restrictions to classify genes as up-regulated or down-regulated required that raw data values be greater than 1000, changes in expression be greater than 5-fold, and genes be present by Affymetrix data analysis. Statistical significance of changes was calculated by the nonparametric t test, with P Ͻ .05. We used the class membership prediction method [8] [9] [10] to determine whether the pattern of gene expression could be used to classify MDS and healthy control samples into 3 classes (control, low-risk MDS, high-risk MDS). The maximum number of genes to predict the class membership was set to 50. Hierarchical clustering analysis with Spearman confidence correlation was used to identify gene clusters. The separation ratio was set at 0.5.
Real-time PCR
Quantification of RNA in CD34 ϩ cells by real-time PCR was performed as described previously. 11 Briefly, 500 ng total RNA was processed directly to cDNA by reverse transcription. PCR primers and TaqMan (Applied Biosystems, Foster City, CA) probes were designed using software PRIMER3 (http:// www.genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) with published sequence data from the NCBI database. Amplification reactions contained 5 L These genes were selected because a greater than 5-fold difference in expression occurred between CD34ϩ cells from patients with low-risk MDS and healthy controls. Accession indicates GenBank accession number; -fold, mean fold change.
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For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From diluted cDNA and 12.5 L Universal TaqMan 2ϫ PCR mastermix (Applied Biosystems). Concentrations of primer and TaqMan probes were 300 nM and 100 nM, respectively, in a final volume of 25 L. All reactions were performed in triplicate in an iCycler system (Bio-Rad, Hercules, CA), and the thermal cycling conditions were as follows: 2 minutes at 50°C and 10 minutes at 95°C, followed by 45 cycles at 95°C for 15 seconds and at 60°C for 1 minute.
Beta-actin (BAC) and 18S were used as active and endogenous references to correct for differences in the amount of total RNA added to a reaction and to compensate for different levels of inhibition during reverse transcription of RNA and during PCR. [11] [12] [13] No difference in relative expression was noted using either 18S or BAC for the normalization of gene expression.
Results
Low-risk MDS versus normal CD34 ؉ cells
Analysis of the genes expressed in CD34 ϩ marrow cells, which were more than 5-fold down-regulated in low-risk MDS than in those of healthy controls, resulted in a list of 161 highly differentially expressed genes ( Figure 1 ). We examined this gene list using public databases and noted that 32 of these genes were involved in cell growth and signaling (Table 2 ). In low-risk MDS, 117 genes were more than 5-fold up-regulated compared with healthy CD34 ϩ cells. A detailed analysis of these genes identified 27 that were probably involved in the regulation of hematopoiesis (Table 2) .
High-risk MDS versus normal CD34 ؉ cells
Comparing gene expression in CD34 ϩ marrow cells of patients with high-risk MDS versus healthy controls, 72 genes were more than 5-fold down-regulated. Twenty probably are important for hematopoiesis (Table 3) , including HLF (hepatic leukemia factor) and STAT2 (signal transducer and activator of transcription). In CD34 ϩ marrow cells from patients with high-risk MDS, 53 genes were more than 5-fold up-regulated compared with CD34 ϩ marrow cells from healthy controls. A more detailed analysis of these genes identified 10 of them (Table 3 ) associated with hematopoiesis.
High-risk versus low-risk MDS
Using the restrictions described and comparing high-risk and low-risk MDS, 210 genes showed higher expression in CD34 ϩ cells from patients with high-risk MDS, whereas 134 genes were down-regulated. Further analysis identified 24 genes up-regulated and 25 genes down-regulated in CD34 ϩ cells from high-versus low-risk MDS (Table 4) , which are likely involved in the regulation of hematopoietic proliferation and differentiation.
Class membership prediction and hierarchical clustering
Using the first data set ( Table 1 , samples 275-286), we identified, by class membership prediction, 11 genes (Table 5) whose expression can be used to differentiate with high accuracy between These genes were selected because a greater than 5-fold difference in expression occurred when comparing CD34 ϩ cells from marrow samples from patients with high-risk MDS versus healthy controls.
Abbreviations are explained in Table 2 .
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For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From patients with low-risk MDS, those with high-risk MDS, and healthy controls. To verify the power of the genes selected by class membership prediction, we used the 11 genes for hierarchical clustering with Spearman confidence correlation (Figure 2A ). We generated 3 clusters. All controls were in one cluster (with a maximum of 2 subclusters). Furthermore, patients with high-risk MDS and low-risk MDS were separated into different clusters, with a maximum of 3 subclusters. As a control experiment, unsupervised hierarchical cluster analysis using expression data from 1000 randomly selected genes did not result in any specific subclusters (data not shown) underlining the importance of the 11 selected genes for the prediction of MDS risk groups.
We used the 11 predictive genes to perform clustering analysis in a second data set obtained from CD34 ϩ cells of patients with low-risk and high-risk MDS (Table 1 , samples 3000-13 591). The aim of these additional experiments was to evaluate independently the predictive power of the 11 selected genes using a new series of patient samples. As shown in Figure 2B , we found 2 clusters corresponding to the IPSS classifications high-risk and low-risk. No misclassification of any of the samples of the test set occurred, These genes were selected because a greater than 5-fold difference in expression occurred in CD34 ϩ cells from marrow samples in patients with low-risk compared with high-risk MDS.
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Gene expression analysis by real-time PCR
We tested 14 genes that were differentially expressed in CD34 ϩ cells from patients with low-risk MDS compared to CD34 ϩ cells from healthy controls (data not shown). Real-time PCR analysis was performed in 2 steps. First, we evaluated the expression of genes selected by a raw data restriction of 1000. Of 7 genes-IEX1, RAI3, FNTB, ATF3, TM4SF1, STIP1, and DNM-we confirmed the expression of 3 (43%) of them. Therefore, we increased our stringency level from a raw data cutoff of 1000 to 2500. The second set of genes for confirmation included BTUB, KDELR, STRAT, TXNR, OCT3, CARD2, and ANXA2. In this cohort of more stringently selected genes, the differential expression measured by oligonucleotide microarray was confirmed by real-time PCR in 6 of 7 genes (86% confirmation rate).
Discussion
The lack of suitable experimental models for MDS (eg, cell lines or animal systems) hampers progress in understanding the biology of this disease. Therefore, new approaches to elucidate the underlying abnormalities are needed. We and others 2, 14 have shown that to begin to characterize the cellular and molecular defects of clinical samples from patients with MDS requires the analysis of freshly isolated hematopoietic stem cells. Even those highly purified cells may demonstrate broad biologic variability, especially in low-risk MDS because the CD34 ϩ cells in this subgroup of MDS may not always be monoclonal. In addition, the selection procedure of stem cells from whole bone marrow cells might influence biologic behavior and gene expression in these selected cells. We did focus on optimizing the cell selection procedure and the use of small amounts of RNA.
The nanogram scale assay used in this work enabled amplification of small amounts of total RNA available for the analysis of the gene expression profile of CD34 ϩ cells from patients with low-risk and high-risk MDS in comparison to those from healthy, unstimulated CD34 ϩ cells. We were able to correlate the gene expression patterns in CD34 ϩ cells with the clinical course of MDS. In addition, by analyzing the expression data of 9670 different genes, we identified key genes whose expression was aberrant in hematopoietic stem cells from patients with low-risk and high-risk MDS.
Class membership prediction analysis and hierarchical clustering based on expression data of 11 selected genes enabled us to discriminate between patients with low-risk and high-risk MDS and to discriminate between each of these subgroups and healthy controls according to their gene expression profiles (Figure 2A) . No misclassification of any of the samples occurred. The low number of subclusters substantiates the importance of the selected genes to discriminate between the 3 different groups. Analysis of a paired sample from a patient with low-risk MDS at the time of initial diagnosis and after transformation to high-risk MDS (samples 277 and 284) demonstrates that the power of the 11 selected genes Validation of the 11 predictive genes used to distinguish between high-risk and low-risk MDS by gene expression profiling. The 11 predictive genes were used for clustering analysis in a second data set obtained from CD34 ϩ cells from patients with low-risk and high-risk MDS (test set). Two clusters corresponding to the IPSS classifications high-risk and low-risk were found. No misclassification of any of the samples of the test set occurred, demonstrating the power of the selected genes for risk group prediction. One high-risk sample, however, was classified in a separate subcluster (sample 3883). Blue indicates low expression; red, high expression. Intensity of the color reflects the reliability of the expression data. only.
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A groundbreaking study showed that global gene expression analysis can distinguish with high accuracy between tumor samples from patients with AML or with acute lymphoblastic leukemia (ALL). 9 Expression data from 51 selected genes were used for classification of AML versus ALL. These initial results were extended by class membership prediction analysis of breast cancers carrying mutations of 2 different genes (BRCA1 and BRCA2). 10 The expression data of 9 and 11 genes, respectively, were successfully used to categorize the tumor samples to the correct group having either a BRCA1 or a BRCA2 mutation.
Recently, we and others 11, [15] [16] [17] [18] [19] [20] [21] have shown that microarray analysis can provide sufficient data to detect genes or gene patterns associated with alterations of specific cellular pathways or signal cascades in tumor cells. For example, several new genes regulated by p53 have been identified that are important in p53-induced cell cycle arrest. 22 Likewise, the regulation of gene expression in response to ionizing radiation was carefully dissected in human cells. 23 In addition, the knowledge of the genes involved in specific pathways facilitates the discovery of those coding for interactive proteins, giving insight into their functional importance. Several redox and mitochondrial elements that control either resistance or sensitivity to apoptosis have been identified by microarray. 7 Recent studies in genome-wide identification of putative DNA-binding sites for transcription factors have been accomplished using the microarray approach. 24 We showed earlier 11 that the application of restrictions (raw data values and -fold changes) to the microarray data resulted in the selection of genes whose expression could be confirmed by 2 independent techniques (real-time PCR and immunohistochemistry) in approximately 90% of genes. This may be true when using standard in vitro transcription to generate cRNA for hybridization with oligonucleotide microarrays. This report is the first to describe the double in vitro transcription for microarray analysis of small amounts of RNA from isolated CD34 ϩ cell samples. Our results show that genes selected from the microarray data should have raw data of at least 2500. We focused on genes associated with cell growth and survival, apoptosis, and transcriptional factors because their dysregulation is a likely target of MDS.
In low-risk MDS, enhanced intramedullary apoptosis may contribute to ineffective hematopoiesis. [25] [26] [27] We found that the expression of the IEX1 gene was decreased in low-risk MDS. IEX1 was initially identified in human squamous carcinoma cells, and its expression was induced by radiation. 28 Tumor necrosis factor alpha (TNF-␣), which is overexpressed in bone marrow cells from patients with MDS, also induced the expression of IEX1, 29 which controls apoptosis in healthy cells. 30 In addition, several of the other down-regulated genes in low-risk MDS (MIG2, STIP1) code for proteins that protect cells from stresses caused by mutagens or other factors. In summary, our data suggest that CD34 ϩ cells from patients with low-risk MDS lack certain defensive proteins that may result in their increased susceptibility to cell damage. Overexpression of DLK1 was described previously in patients with high-risk MDS, and it was implicated as being involved in MDS. 14 The function of this gene in hematopoiesis is unknown, but it is genomically imprinted and expressed only from the paternal allele. 31 The mechanism of imprinting of this gene follows the same pattern known from the reciprocally imprinted genes IGF2 (insulinlike growth factor 2) and H19. We found that this gene was markedly up-regulated in our series of patients with low-risk MDS compared with healthy CD34 ϩ marrow cells. We propose that this gene is associated with cellular proliferation and that possible loss of imprinting of this gene in MDS enhances the expression of DLK1, giving the abnormal clone a growth advantage.
This study provides evidence that microarray analysis can detect gene expression profiles strongly associated with different risk groups in MDS. Therefore, we believe that prognoses for patients with this disease may be predicted by using the gene expression of purified CD34 ϩ cells. We have shown that microarray analysis can be used with small amounts of RNA, which can be obtained from cells during routine diagnostic bone marrow aspirate. This method may facilitate therapeutic decisions for patients in whom diagnosis or risk evaluation is not possible through morphologic and classical cytogenic techniques. Lastly, such analysis of global gene expression provides new insights into alterations of cellular pathways in early hematopoietic stem cells in low-risk MDS.
